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platelets. 10 The procoagulant surface of activated platelets results from loss of normal membrane phospholipid bilayer asymmetry in resting platelets; upon stimulation, the anionic aminophospholipid phosphatidylserine (PS) is translocated from the inner membrane leaflet, where it is normally sequestered, to the outer leaflet. 1, 2 Negatively charged PS facilitates assembly of the intrinsic tenase and prothrombinase coagulation complexes on the activated platelet surface, thereby accelerating thrombin generation. 2 Impaired platelet PS exposure in the rare congenital disorder Scott syndrome is associated with moderate/severe bleeding symptoms. 2, 11, 12 A critical role has emerged for the procoagulant platelet subpopulation in regulating both normal hemostasis and pathological thrombus formation. 1, 3 Indeed, we have previously demonstrated that PS exposure on activated platelets persists in vitro, 13 and in vivo, 14 and that blocking the procoagulant surface inhibits platelet-mediated events in experimentally induced arterial thrombosis. 15 Adherent procoagulant platelets have been observed, by various imaging techniques, to adopt a unique morphology. Using phasecontrast video imaging, Heemskerk and colleagues described platelets transforming into blebbing, balloon-like structures when adhered to collagen, but not fibrinogen. 16 Similarly, transmission electron microscopy (TEM) imaging of cryo-prepared samples demonstrated the formation of spherical to ovoid balloon-like structures, with highly "dilute" cytoplasm and few inclusions, following platelet adhesion to collagen/collagen-related peptide. 17 Subsequently, Munnix et al 18 identified that bleb-shaped platelets adhered to collagen were PSexposing, as indicated by annexin A5 binding; a recent study confirmed this finding for ballooned platelets using four-dimensional live-cell confocal microscopy, and described the mechanism involved in ballooning, that of fluid entry into platelets. 19 Flow cytometric analysis of PS-exposing platelets in suspension using fluorescently-labeled annexin A5, first described over two decades ago, 20 has become widely used in studies of procoagulant platelets and platelet-derived extracellular vesicles (EVs). Recently, imaging flow cytometry has been used to study a variety of cell types, [27] [28] [29] [30] including platelet-leukocyte aggregates, [31] [32] [33] and has been proposed as a reliable technique that can overcome the challenges currently faced in EV research. 34 Here, using TEM, we identified that a distinct subpopulation of platelets stimulated in suspension with a combination of the physiological agonists thrombin and collagen, and most platelets stimulated with the calcium ionophore A23187, had a unique round, balloon-like morphology. Then, using imaging flow cytometry to examine this morphologically distinct platelet population in suspension, we determined that the round balloon-like platelets were PS-exposing, and showed, for the first time, that the majority possessed EVs associated with the PS-exposing platelet surface. A comprehensive characterization of the procoagulant PS-exposing subpopulation of platelets, their associated EVs, and EVs released from platelets was performed.
| MATERIAL S AND ME THODS

| Washed platelet preparation and stimulation
Blood was drawn from four different healthy volunteers who had not taken medications affecting platelet function for at least two weeks prior to blood donation. Informed consent was obtained under The
Hospital for Sick Children Research Ethics Board approval.
Blood was collected into acid-citrate-dextrose anticoagulant;
washed platelets, prepared as described previously, 13, 35 were sus- and platelets were stimulated with a combination of the physiological
Essentials
• Upon activation, phosphatidylserine (PS) is exposed on the surface of a platelet subpopulation.
• PS-exposing platelets were evaluated in suspension by high resolution imaging flow cytometry.
• In becoming procoagulant, platelets are transformed into distinct round balloon-like structures.
• A large proportion of procoagulant PS-exposing platelets possess associated extracellular vesicles. 
| Imaging flow cytometry
Resting, and thrombin+collagen-(T+C-) or A23187-stimulated platelets (2 μL) were labeled with the platelet marker anti-CD42a-eFluor 
| Imaging flow cytometry data analysis
| Platelets and released EVs
A comprehensive analysis of data acquired on the IS X was performed using IDEAS software (MilliporeSigma); data analysis features including their categories are described in Table S1 . Appropriate compensation matrices were applied to the raw data and data analysis files were created. Fluorescence saturated, clipped, and unfocused events were excluded from the analysis, based on raw max pixel, raw centroid X and gradient max feature values, respectively. For resting, and T+C-or A23187-stimulated platelets, density plots of area (BF) vs aspect ratio intensity (BF) ( Figure 1A ) were used to identify and gate single platelets and released EVs ( Figure 1B) ; each gated population was analyzed independently. Irregularly-shaped objects with an aspect ratio intensity <0.6, and an area >10 μm 2 , including platelets with long extended filopodia, platelet doublets, small aggregates and other debris, were excluded from the analysis, ie, ungated objects ( Figure 1B ). Platelets and released EVs populations were examined according to platelet marker fluorescence intensity, as well as features in the size, shape and texture categories (Table   S1 ). Default masks, ie, the sets of pixels that contain the region of interest, which are automatically created in IDEAS, were adjusted using the "erode" mask feature to remove the desired number of pixels from all edges of the default mask; tightly fitting object masks minimize the fluorescence halo effect, which could result in artifactual size measurements. Area and circularity measurements were based on anti-CD42a-eF450 fluorescence, while bright detail intensity was based on dark field/side scatter.
| Platelet-associated EVs
Data regarding the PS-exposing subpopulations of T+C-or A23187-stimulated platelets were extracted from the original data files and new data files were created. A platelet-associated EV was visualized as a small area, or spot, on the platelet with a fluorescence intensity greater than that of the entire platelet. (Table S1 ). All objects that colocalized with the truth population on the scatter plot were gated, and identified as platelets possessing associated
EVs. The number of associated EVs per platelet was calculated using the spot count feature (Table S1 ). This analysis was performed for each platelet marker (PAC1, CD62P, CD42a, and annexin A5), independently.
| Statistical analyses
Values reported are mean ± SEM. Statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA) by t tests or one-way ANOVA with a Bonferroni post-hoc test. A value of P < 0.05 was considered statistically significant.
| RESULTS
| Transmission electron microscopy
| A subpopulation of T+C-stimulated and the majority of A23187-stimulated platelets have an altered morphology
The morphology of resting, and T+C-or A23187-stimulated platelets was assessed by TEM. As expected, resting platelets were discoid F I G U R E 1 Flow cytometric gating strategies for resting and thrombin+collagen-(T+C-) or A23187-stimulated platelets, and for released extracellular vesicles (EVs). (A) Density plots, acquired by imaging flow cytometry, illustrating the gating of platelet and released EV populations based on area (bright field; BF) and aspect ratio (BF), and (B) corresponding bright field images. Ungated objects were excluded from the analysis; these included platelet doublets or small aggregates, as well as unidentified debris. Representative of n = 4 independent experiments As measured using the circularity feature (Table S1 ), T+C (PS+) and A23187 (PS+) platelets had a significantly higher circularity index than T+C (PS−) or resting (PS−) platelets (P < 0.001) ( Figure 3C [ii]). (Table S1 ), T+C (PS+) and A23187 (PS+) platelets demonstrated significantly decreased internal complexity compared with T+C (PS−) or resting (PS−) platelets (P < 0.001) ( Figure 4A , B, C). (Table 1 A and B, and S2).
|
A large proportion of platelet-associated EVs, 57%-77% were CD42a+, F I G U R E 3 PS-exposing (PS+) balloon-like platelets produced upon stimulation by thrombin+collagen (T+C) or A23187 are significantly larger in size and have increased circularity index compared with PS-negative (PS−) platelets. (A) Bright field images, acquired by imaging flow cytometry, illustrating that round balloon-like platelets, similar to those observed by TEM, were present in T+C-or A23187-stimulated platelets. (B) Round balloon-like platelets produced upon stimulation by T+C or A23187 exposed phosphatidylserine (PS) on the surface. Platelets were identified with the platelet marker anti-CD42a-eF450 that binds platelet GPIX; PS exposure was measured by the binding of annexin A5-AF647. Overlay shows a merged image of the anti-CD42a and annexin A5 fluorescent images. (C) T+C (PS+) and A23187 (PS+) platelets were (i) significantly larger (area; μm 2 ), and (ii) more circular than resting (PS−) or T+C (PS−) platelets. Data are mean ± SEM, **P < 0.01, ***P < 0.
001, compared with T+C (PS−) or resting (PS−) platelets. Images are representative of n = 4 independent experiments
Resting (PS-) (Table 1A) . Platelets with associated EVs positive for three markers (CD42a, CD62P, and PS) were in the highest proportion: 23.1 ± 5.2% (T+C) and 29.4 ± 4.0% (A23187), while only 9.7 ± 3.1% (T+C) and 9.0 ± 1.2% (A23187) possessed EVs that were positive for all four markers (Table 1B and S2).
| Free EVs released from platelets upon stimulation with T+C or A23187 are heterogeneous, but differ from platelet-associated EVs in their expression of platelet markers
EVs released from platelets stimulated by T+C or A23187 were also characterized using imaging flow cytometry, examining their binding of anti-CD42a, PAC1, anti-CD62P, and annexin A5 ( Figure 6 ). Bright field images illustrate the size and shape of released EVs (Figure 6 ). One hundred percent were positive for the platelet marker CD42a. In contrast with the platelet-associated EVs, in which only 3.3 ± 0.5% and 3.8 ± 0.6% of EVs associated with T+C-and A23187-stimulated platelets, respectively, were CD42a+ alone (Table 1A) , 55.5 ± 8.0% and 58.9 ± 7.1% of EVs released from T+C and A23187-stimulated platelets, respectively, were CD42a+ only, and negative for PAC1, CD62P, or PS (Table 2) .
A large proportion of the remaining released EVs (38.7 ± 9.0% from T+C, and 38.2 ± 7.2% from A23187-stimulated platelets)
were CD62P+, with a small percentage of PAC1+ EVs (1.3 ± 0.4% from T+C-and 0.5 ± 0.1% from A23187-stimulated platelets) (Table 2) . Interestingly, the percentage of PS+ released EVs was 
significantly less than the percentage of PS+ platelet-associated EVs; 11.4 ± 1.8% (T+C) and 6.5 ± 1.7% (A23187) released EVs were PS+ (Table 2) , compared with 72.9 ± 5.2% (T+C) and 76.9 ± 6.2%
(A23187) of platelet-associated EVs (Table 1A) .
| DISCUSSION
Adherent procoagulant platelets have been morphologically described as blebbing 16, 18 or fragile balloon-like structures. anti-CD42a-eF450 Annexin A5-AF647 Overlay 8 Some of these internal structures were identified as mitochondria based on their characteristic membrane appearance. Gerrard et al 39 observed similarly altered ultrastructure of A23187-stimulated platelets in suspension by electron microscopy, and reported that platelets exposed to high A23187 concentrations lost their alpha and dense granules, and often had the cytoplasmic gel concentrated in a dense mass, with swollen membranes that were pulled away from the cell contents. We observed extracellular vesicles (EVs) in T+C-or A23187-stimulated conditions; in some cases, these EVs appeared to be associated with or blebbing from the platelet surface, similar to the EVs budding from platelets incubated in the presence of fibroblastlike synoviocytes observed by Boilard et al 40 and from platelets activated with thrombin observed by Ponomareva et al, 41 suggesting that the free EVs had been released from the balloon platelets.
While traditional flow cytometry has been successfully used to study procoagulant platelets, imaging flow cytometry has unique features that also allow detailed morphological analysis. In this study, these features were used to identify T+C-or A23187-stimulated platelets that had transformed into round balloon-like structures, as observed by TEM. These distinct round balloon-like platelets were confirmed to be PS-positive (PS+). Cell size is often measured by forward scatter in traditional flow cytometry, though it can be affected by cell refractive index (RI). Size features, based on bright field or fluorescence, in imaging flow cytometry overcome this issue, which is particularly pertinent in our study where the composition, and thus the RI, of procoagulant platelets is dramatically altered. Indeed, we found that PS+ platelets were significantly larger in size than PS-negative (PS−) platelets, though previous studies using traditional cytometry reported PS+ platelets to be smaller. [42] [43] [44] Furthermore, quantitation of platelet internal complexity showed that PS+ platelets were significantly less internally complex than PS− platelets. Interestingly, despite releasing the contents of their granules (as determined by CD62P expression), activated T+C (PS−) platelets displayed internal complexity similar to that of resting platelets. Thus, while the ultrastructure of T+C (PS−) platelets was altered compared to that of resting platelets (as observed by TEM), some intact structures that could be measured by dark field were still present, unlike in PS+ platelets. We found that the percentage of PS+ platelets expressing CD62P on the surface was similar to that of activated (T+C) PS− platelets. In agreement with our previous studies, 13 almost all resting and T+C-stimulated PS− platelets had intact inner mitochondrial membrane potential, while the majority of PS+ platelets had depolarized mitochondria. PAC1 binding was decreased in PS+ platelets compared with T+C (PS−) platelets, confirming that integrin αIIbβ3 is in a resting conformation on procoagulant platelets, and differentiating this procoagulant platelet subpopulation from pro-aggregatory platelets. 18, 23 It has been reported that the protein "coat" on procoagulant platelet surface is not uniformly distributed, but rather that adhesive proteins, PS and bound coagulation factors are predominantly localized in a small convex region or "cap" 22, 45 ; 85% of procoagulant platelets possess a "cap," with strictly one per platelet. 22 However, recently, it has been shown that the procoagulant activity initially located on the "cap" on the remnant platelet body moves to the balloon platelets. 46 Using imaging flow cytometry, we observed that more than 90% of procoagulant PS-exposing platelets possessed what we termed here, a platelet-associated EV. Forty to fifty percent 100% of released EVs were CD42a+. 55.5 ± 8.0% and 58.9 ± 7.1% of EVs released from T+C-and A23187-stimulated platelets, respectively, were CD42a+ only, and negative for all other markers. EV, extracellular vesicle; PS+, phosphatidylserine positive; T+C, thrombin+collagen. a Released EVs were CD42a+ and positive for the marker stated and negative for all other markers. Data are mean ± SEM, n = 4.
of procoagulant platelets possessed only one platelet-associated EV, while the remaining platelets possessed multiple associated EVs.
Interestingly, marker expression heterogeneity between platelets and their associated EVs was observed. Indeed, there was also heterogeneity among EVs associated with the same platelet, ie, a platelet may possess one EV that is positive for only one marker, and another EV that is positive for multiple markers.
Imaging flow cytometry overcomes some of the challenges traditionally associated with studying platelet-derived free EVs by allowing visual interrogation of each event passing through the flow cell; fluorescent signals of particles below optical resolution that would be otherwise undetectable can be detected by imaging flow cytometry. 34 Since EVs are formed from procoagulant platelets following activation, it is anticipated that EVs should retain the properties of the activated platelet membrane. Recent studies have challenged this view, demonstrating diversity among platelet-derived EVs. 41, 47 In keeping with these reports, we observed heterogeneity within the released EV 
